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14 Abstract
15 Pockmarks, as depression morphology related to fluid escape on the seafloor, are 
16 revealed by three-dimension (3D) seismic data on the northwestern South China Sea 
17 (SCS) margin. The pockmarks can be classified into two groups by their various 
18 shapes in plan-view, which are circular group and elongating group. These pockmarks 
19 in the study area could be defined as mega-pockmarks, as their maximum diameters 
20 can reach to 7.5 km. They commonly develop more than one crater, which are central 
21 crater and secondary crater. The seismic data illuminated their complicated internal 
































































22 architectures in the subsurface, as well as their evolution periods, such as initiation 
23 stage, mature stage and abandonment stage. According to the buried structures and 
24 their genesis mechanism, the mega-pockmarks could be classified into linear 
25 faults-associated pockmarks and volcano-associated pockmarks. The linear 
26 faults-associated pockmarks root on the top Middle Miocene, where the linear faults 
27 distribute. The linear faults on the top of fluid reservoir in Middle Miocene act as 
28 conduits for fluid seepage. The fluid seepage is driven by the break of balance 
29 between the hydrostatic and pore pressure. When the fluid seepage initiate, they will 
30 migrate along the linear faults, making the linear feature of pockmarks on the seafloor. 
31 Both thermogenic gas from deep intervals and biogenic gas in shallow intervals may 
32 be fluid source for the genesis of pockmarks. On the other hand, the volcanic 
33 activities control the genesis and evolution of volcano-associated pockmarks. The 
34 volcano-associated pockmarks root on the craters of volcanoes. The volcanoes 
35 underneath the pockmarks provide volcanic hydrothermal solutions, such as 
36 phreatomagmatic eruptions through the volcanic craters. The confined fluid seepages 
37 make the pockmarks on exhibiting more circular shape on the seafloor. Long-term, 
38 multi-episode fluid expulsions generate the complicated internal architecture that 
39 leads to multi-cratered mega-pockmarks on the northwestern margin of SCS. 
40 Keywords
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44 Pockmarks, as depression morphology related to fluid escape on the seafloor, are 
45 widely identified on the present seafloor at a wide range of water depths all around 
46 the world (Bertoni, et al., 2019; Tasianas, et al., 2018; Maestrelli, et al., 2017; Krämer, 
47 et al., 2017; Cartwright and Santamarina, 2015; Sun et al., 2011a; Moss and 
48 Cartwright, 2010; Judd and Hovland., 2009; Cartwright, et al., 2007). Pockmarks with 
49 various shapes are commonly observed to be circular- to elongate-shaped, conical 
50 crater-like depressions, with numerous irregular shapes being described as well (Cole 
51 et al., 2000; Hovland et al., 2002). The dimensions of pockmarks could reach to very 
52 large scale, which are defined to mega-pockmarks. The diameters of mega-pockmarks 
53 are generally greater than 1000 m, and with depth more than 150 m (Pilcher and 
54 Argent, 2007).
55 Because the fluids from the subsurface supplied by various geological structures 
56 and different migration conduits, pockmarks are of great significance in studies of 
57 marine biology (Harris et al., 2012; Decker et al., 2010; King and MacLean, 1970), 
58 diapirs (Hovland and Judd, 1988; Hovland, 1991, 1992; Dimitrov and Woodside, 
59 2003; Pilcher and Argent, 2007; Rowan et al., 1999; Whelan et al., 2005), deepwater 
60 sedimentology (Wenau et al., 2017; Judd and Hovland, 2009; Pilcher and Argent, 
61 2007), climatology (Mazzini et al., 2017; Wenau et al., 2017; Riboulot et al., 2014), 
62 ocean bottom currents (Picard et al., 2018; Sun et al, 2011a; Anderson et al., 2008), 
63 geohazards (Hovland et al., 2002; Tjelta et al., 2007), deepwater gas hydrates (Lu et 
































































64 al., 2017; Riboulot et al., 2016), and oil and gas exploration ( Nicholas et al., 2015 ). 
65 The newly formed pockmarks are normally considered to have a flat-bottomed 
66 cone shape, due to slumping or the deposition of fine-grained sediment, that may 
67 develop over long time periods (Gay et al., 2006a, b; Pilcher and Argent, 2007). In 
68 contrast, paleo-pockmarks are those in which formation activity has ceased, i.e. fluid 
69 expulsion is not active, buried by younger sediments (Hovland, 1982; Cole et al., 
70 2000; Games, 2001; Gay et al., 2003, 2006a, b; Pilcher and Argent, 2007). According 
71 to spatial arrangement, distribution, related underlying geology or local disturbance of 
72 the seafloor, and genesis mechanisms, the pockmarks could be defined into several 
73 classes, and the controlling factors for their genesis could be attributed to fault-strikes, 
74 buried channels, mud diapirs, slump, currents and icebergs (Pilcher and Argent, 
75 2007).
76 Pockmarks on the northwestern margin of South China Sea (SCS), adjacent to 
77 study area, have previously been identified using high resolution seismic data and 
78 bathymetric data (Sun et al., 2011a; Chen et al., 2015). This discovery also reveals the 
79 great scale of pockmarks, of which diameter could reach to 3.31 km. Meanwhile, the 
80 potential formation mechanisms of the mega-pockmarks on the northwestern margin 
81 of SCS have been proposed to be reaction between the fluid seepages and bottom 
82 currents (Sun et al., 2011a; Chen et al., 2015). However, due to the limited coverage 
83 of multi-beam bathymetric and seismic data, there are still numerous 
84 mega-pockmarks have not been identified in this area. Furthermore, the buried 
































































85 structures in subsurface which control the genesis of pockmarks, and relationship 
86 between pockmarks and the buried structures, have not been have not been identified 
87 and analysed yet (Lu et al., 2017). 
88 In this study, we describe and analyze, for the first time, 27 mega-pockmarks on 
89 the NW SCS margin using high-resolution 3D seismic data. These mega-pockmarks 
90 display various shapes on the seafloor and they have diameters of up to 7.5 km, which 
91 are much larger than those documented by the previous studies in the South China Sea 
92 (Sun et al., 2011; Chen et al., 2015) and other continental margins worldwide 
93 (Hovland and Judd, 1988; Fader, 1991; Foland et al., 1999; Haskell et al., 1999; 
94 Pilcher and Argent, 2007). The morphology, internal architecture and formation 
95 mechanisms of these mega-pockmarks have been revealed in detailed in this study. 
96 Meanwhile, according to the facies and geological structures identified under the 
97 pockmarks, two different categories pockmarks have been classified, and the different 
98 stages of their evolution have been reconstructed. The buried structures and associated 
99 pockmarks imply that linear faults in top of Middle Miocene and volcanic activities 
100 controlled the genesis and evolution of the pockmarks. The multi-episode evolution of 
101 the pockmarks represents fluid expulsion events in the NW SCS, which create the 
102 world-class scales and complicated internal architectures of mega-pockmarks.
103 Geological setting
104 The study area is located in the northeastern part of Zhongjiannan Basin (ZJNB), 
105 adjacent to Qiongdongnan Basin (QDNB), between the Guangle Platform (GLP) and 
































































106 the Xisha Platform (XSP), where the water depth varies from 1,000 m to 1,500 m 
107 (Figure 1). The geologic framework of the study area is complex, having experienced 
108 strong tectonic movements since the Early Tertiary, primarily due to 
109 northeast-directed extensional activity (Lüdmann et al., 2005; Yan et al., 2006). 
110 Tectonic activity along the western margin of the basin formed the NW-striking Red 
111 River Fault Zone (RRFZ), which is the boundary fault zone of the SCS. The XSP and 
112 GLP formed in the Neogene, during which time the Xisha Uplift and Guangle Uplift 
113 developed (Fyhn et al., 2009; Ma et al., 2011; Sun et al., 2011a). Both the XSP and 
114 GLP are active and developing carbonate platforms, comprised of large atoll- and 
115 patch-reefs (Ma et al., 2011). The complex topography of the seafloor in the study 
116 area has experienced substantial recent alteration by bottom currents (Sun et al., 
117 2011a).
118
































































119 Figure 1 The study area (red rectangle), located to the south of Qiongdongnan 
120 Basin and the west of Zhongsha Uplift, with a water depth ranging from 1000 to 
121 1,500 m. ZJNB: Zhongjiannan Basin; QDNB: Qiongdongnan Basin; PRMB: 
122 Pearl River Mouth Basin; YGHB: Yinggehai Basin; RRFZ: Red River Fault 
123 Zone. The yellow boxes indicate the locations where fluid samples were collected.
124 The depositional history of the study region has been divided into two 
125 mega-sequences based on tectonic activity: a period of rifting in the 
126 Eocene–Oligocene, and a post-rift period in the Miocene–Quaternary (Figure 2; Xie et 
127 al., 2006). The Paleogene stratigraphy of the rift stage mega-sequence is composed of 
128 three formations, which have a total thickness of several kilometres (Xie et al., 2006; 
129 Zhu et al., 2009). These sediments, specifically the Lingtou Formation deposited in 
130 the Eocene, and the Yacheng and Lingshui Formations deposited in the Oligocene, are 
131 characterized by lacustrine facies mudstones, neritic mudstones and coastal plain 
132 coal-bearing strata, which serve as source rock for thermogenic gas in petroleum 
133 systems (Figure 2; Huang et al., 2003; Xie et al., 2006; Zhu et al., 2009).

































































135 Figure 2 Generalized chronostratigraphic chart of the study area and adjacent 
136 area (after Xie et al., 2006; Zhu et al., 2009; Sun et al., 2010) showing the 
137 sequence stratigraphic horizons used in study. The global eustatic sea level data 
138 and sea level change data used in this study were adopted from Haq et al. (1987) 
139 and Miller et al. (2005), respectively. Fm: Formation.
































































140 The Neogene stratigraphy can be further divided into four formations, which are 
141 dominated by hemipelagic-pelagic deposition (e.g., Xie et al., 2006; Sun et al., 2010, 
142 2011a). These sediment intervals provide significant hydrocarbon reservoirs for the 
143 petroleum system in northern SCS (Xie et al., 2006; Sun et al., 2010, 2011a; Lu et al., 
144 2017). Among the reservoirs, the carbonate reservoir in Middle Miocene represents a 
145 carbonate development event in northern SCS, especially distributed in the carbonate 
146 platforms successively developed on the paleo-uplifts (Xie et al., 2006; Lu et al., 
147 2017).
148 The relative change in seafloor in the SCS coincides with the global relative 
149 seafloor change after 5.7 Ma (Figure 2; Zhao et al., 2001). The target interval used in 
150 this study was deposited during the post-rift thermal subsidence stage, when tectonic 
151 activity was relatively weak (Zhou et al., 1995). However, neo-tectonic movement has 
152 continued since the late Miocene, and is associated with the collision between Taiwan 
153 and the mainland Chinese continent, as well as the change in movement direction of 
154 the RRFZ (Lüdmann and Wong, 1999). One consequence of the recent tectonic 
155 activity has been the generation of igneous intrusions. The emplacement of the 
156 intrusions has produced high heat flow in the area, which started in the late Miocene 
157 (Yan et al., 2006; Sun et al., 2011a), and has driven regional uplift and erosion (Fyhn 
158 et al., 2009). 
159 Besides these events, polygon faults in the Meishan and Huangliu Formations 
160 have also played an important role in the evolution of sedimentary sequence in 
































































161 Neogene (Sun et al., 2009, 2010). The sediment was dominated by fine-grained 
162 muddy and silty pelagic and hemipelagic deposits after the Middle Miocene (Lu et al., 
163 2011, 2017; Sun et al., 2012), providing comfortable condition for the genesis of 
164 polygonal fault system (PFS) (Cartwright et al., 2003; 1999). The processes for 
165 formation of polygonal faults, such as dewatering and compaction processes 
166 (Cartwright et al., 1999; 2003) would result in porosity changes in bulk sediment as 
167 well as fluid supply for sediment environment. 
168 Materials and Methods
169 High quality 3D seismic data in the study area were acquired in 2011. Seismic 
170 data was processed with bin spacings of 12.5 m and 25 m in line and crossline 
171 directions, respectively. The sampling interval was 2 ms, and the dominant frequency 
172 (< 2 s two-way time, TWT) was 50 Hz, with the vertical resolution of about 10 m. 
173 High resolution topography of the seafloor (Figure 3), including pockmarks was 
174 extracted by seismic interpretation in 1-line by 1-trace grid. Other seismic horizons, 
175 such as T40, T30, and T20, were also acquired by seismic interpretation. The detailed 
176 geometry of pockmarks is displayed by 3D visualization technology, demonstrating 
177 the internal architecture, as well as the contact relationship with surrounding strata.
178 Seismic dip and coherence attributes were extracted by using interpolated 
179 seismic surfaces. Figure 3a shows the geometry of the seafloor as calculated from 
180 seismic horizons using a water velocity of 1500 m/s. Figure 3b shows the dip 
181 extracted from the seafloor horizon. The coherence attribute was used to identify the 
































































182 plane distribution of faults, subtle sedimentary features, as well as pockmarks in 
183 subsurface. Polygonal faults were also identified in seismic sections and displayed by 
184 using coherence attribute in map view. 
185 Morphology study has been used in this study, to differentiate various shapes of 
186 different pockmarks. The higher shape factor value means more circular shape, while 
187 the lower value means more linear shape.
188

































































190 Figure 3 a) Shaded relief map of seafloor calculated from 3D seismic data using a 
191 water velocity of 1500 m/s, showing the distribution of pockmarks in this area. 
192 The red labels numbers represent the pockmarks associated with buried 
193 volcanoes; the purple labels numbers represent the pockmarks associated with 
194 linear faults; b) seafloor dip map extracted from seismic data.

































































196 Morphology of mega-pockmarks
197 The 3D seismic data reveals densely distributed depression features in the study 
198 area. These depressions are pockmarks, according to their similar plan-view shapes 
199 and section profiles with other pockmarks all around the world (Bertoni, et al., 2019; 
200 Tasianas, et al., 2018; Maestrelli, et al., 2017; Krämer, et al., 2017; Lu et al., 2017; 
201 Cartwright and Santamarina, 2015; Sun et al., 2011). These depressions commonly 
202 develop giant size, with diameters > 6,000 m, or lengths > 8,000 m on the seafloor, 
203 with various shapes. The scale of these giant depressions is several times larger than 
204 those pockmarks reported previously (Hovland and Judd, 1988; Fader, 1991; Foland 
205 et al., 1999; Haskell et al., 1999; Pilcher and Argent, 2007), including those classified 
206 as giant pockmarks in the adjacent area (Sun et al., 2011). Therefore, these 
207 depressions are defined as mega-pockmarks (Figure 4). 
208 The acreage of individual mega-pockmarks in study area ranges from 1 km2 to 
209 31.7 km2 (Figure 5), with the length of long axis ranges from 1.5 km to 12.8 km 
210 (Figure 4). The largest pockmark, D4, locates in the southwest of the study area, 
211 reaches 31.7 km2 in area and 223 m in depth (Figure 5, 6). D16, locates in the 
212 northeast of the study area, has developed the greatest long axis length, which reaches 
213 12.8 km. The water depth of the base of pockmarks on the seafloor ranges from 996 m 
214 to 1,358 m, with an average water depth of 1,225 m. The depth of mega-pockmarks 
215 varies across a wide range from 21 to 223 m (Figure 6).

































































217 Figure 4 Dimensions of mega-pockmarks on the seafloor in the study area. 
218 Log-log plot showing the relationship between diameter or long axis and depth of 
219 pockmarks, throughout the world and in the study area. The pockmarks in the 
220 study area are larger than any others discovered globally.
221 The variety of the morphology of pockmarks on seafloor indicates the unique 
222 structural and sedimentary feature. The pockmarks could be divided into circular and 
223 linear ones by their plan-view, and they have different shape factor values (Figure 5). 
224 Some of the depressions exhibit circular and semi-circular shape, very similar to the 
225 shape of pockmarks observed globally on the current seafloor (Hovland, 1982; Cole et 
226 al., 2000; Games, 2001; Gay et al., 2003, 2006a, b; Pilcher and Argent, 2007; Sun et 
227 al., 2011a; Lu et al., 2017). Another group of pockmarks exhibit more linear features, 
































































228 which show some crescent-like (such as D13, 14), elliptical (such as D2, 10, 18, 19), 
229 and irregular shaped (such as D11, 17) depressions. 
230
231 Figure 5 Plot of shape factor (area/perimeter2) against number of pockmarks in 
232 the study area. The bigger pockmarks are represented by larger spheres. The 
233 number of pockmarks is followed by their acreage.

































































235 Figure 6 Plot of depth of the pockmarks’ bases against number of pockmarks in 
236 the study area. The depth of pockmarks range mainly from 50 m to 200 m.
237 The depressions have commonly developed more than one crater, with secondary 
238 craters forming around the margin of a single central crater (Figure 7). These 
239 characteristics are most obvious among the circular depressions, especially D3, D4, 
240 D7, D8, and D9. Elongated depressions also exhibit central craters, but these have 
241 developed as a relatively crescent-shaped trough at the front of the main structure, e.g., 
242 D11, D12 and D15. Secondary craters express asymmetrical features, with a deeper 
243 base on the down slope side, and a shallower base on the up-slope side. 

































































245 Figure 7 Diverse profile features of pockmarks on the seafloor. Depressions in 
246 the pockmarks exhibit a range of shapes. The pockmarks normally develop 
247 secondary craters alongside central craters. The secondary craters generally 
248 develop asymmetrically around the margins of pockmarks, with a steeper wall 
249 on the basinward side. See the location in Figure 3.
250 The pockmark morphology is mainly distributed around margin of platform, 
251 while it is absent on the central platform (Figure 3). Furthermore, the circular 
252 pockmarks tend to have developed in the west of the study area, while linear 
253 pockmarks are more common in the east of the study area. Moreover, the long axes of 
254 elliptical pockmarks are generally oriented northwest to southeast (Figure 3). 
255 Internal architectures of mega-pockmarks
256 High-resolution 3D seismic data revealed subsurface depression features. The 
257 roots of depressions can be identified in the subsurface at 1,900 ms, about 550 m 
258 below the seafloor, assuming the seismic velocity of the shallow intervals to be 2,200 
259 m/s. As shown in Figure 8 and Figure 9, the internal architectures of both circular and 
260 linear-shaped group of pockmarks are very complicated and thus their shape couldn’t 
































































261 be characterized by simple “U” or “V” shaped profiles. The boundaries between 
262 pockmarks and surrounding strata are very sharp as identified by differential seismic 
263 reflection. The reflectors inside pockmarks could be correlated with surrounding 
264 strata, although the sediment thickness within the depressions is marginally greater 
265 than the same layers in the surrounding strata. Meanwhile, the architectures between 
266 them are quite different. The surrounding strata is characterized by horizontal, parallel 
267 and higher frequency reflection, while the internal strata are featured by undulate and 
268 lower amplitude reflection, locally developing chaotic reflectors. The deformation is 
269 common inside pockmarks, with dim reflection, indicating slumping and sliding 
270 during depression formation. Furthermore, the sliding feature, and differential 
271 reflections between pockmarks and surrounding strata imply the boundaries are 
272 sliding planes.

































































274 Figure 8 3D visualization view and seismic sections across typical circular 
275 pockmark PM4. The seismic sections reveal the complicated topography on the 
































































276 seafloor and the inner architecture of PM4. Pockmark size is marked on the 
277 maps and seismic sections. FS: fault system; HAR: high amplitude reflectors. See 
278 Figure 3 for the locations of PM4. 
279 Some high amplitude reflectors (HARs) could be recognized close to pockmarks, 
280 which could be tracked to sliding planes (Figure 8, 9). Meanwhile, some pipe-like 
281 reflectors could be identified inside pockmarks, from root onto seafloor. They exhibit 
282 transparent feature, even with pull-down characteristic (Figure 9).

































































284 Figure 9 3D visualization view and seismic sections across typical linear 
285 pockmark PM12. The seismic sections reveal the complicated topography on the 
































































286 seafloor and the inner architecture of PM12. Pockmark size is marked on the 
287 maps and seismic sections. FS: fault system; HAR: high amplitude reflectors. See 
288 Figure 3 for the locations of PM4. 
289 Distribution of faults and buried volcanoes
290 Numerous, closely-spaced normal faults with small offsets were identified from 
291 the 3D seismic data. Two-tier fault systems could be identified in the seismic cross 
292 sections, developing in Middle Miocene and Upper Miocene to Pliocene, which are 
293 called FS-1 and FS-2 respectively (Figure 8, 9). These faults have developed 
294 associated small fault throw, and generally extend a limited distance, to form 
295 complicated fault network (Figure 10). The elder one, FS-1, terminates at seismic 
296 horizon T40, correlating to top Middle Miocene, which is dominated by carbonate 
297 deposition intervals as petroleum reservoirs (Sun et al., 2009, 2010; Lu et al., 2011; 
298 2017). The younger one, FS-2, develops between seismic horizon T40 and T20, which 
299 correlates to Upper Miocene to Pliocene (Figure 2, 8, 9). Some pockmarks are rooted 
300 on the top of Middle Miocene, which can be identified in the seismic data (Figure 8, 9) 
301 and coherence slice (Figs.10). These faults divide the strata into numerous faulted 
302 blocks, which are characterized as high amplitude, low frequency, discontinuous 
303 reflectors in the seismic sections (Figure 8, 9). 
304 The coherence attribute along top of Middle Miocene is extracted to obtain a 
305 plan-view of the fault systems (Figure 10a). The coherence attribute slices show that 
306 the linear faults are mainly distributed around the margin of platform, exhibiting 
































































307 higher density in the eastern and western parts of study area (Figure 10a). Faults strike 
308 dominantly NW–SE, with subordinate NE–SW-striking faults also present. The long 
309 axis of pockmarks on the seafloor also tend to be oriented mainly NW–SE (Figure 
310 10a). Some of these faults, with typical polygonal planform geometry, are referred to 
311 polygonal faults (Figure 10c). The typical polygonal faults, as a part of FS-1, are 
312 developed at the top of Middle Miocene (Figure 8, 9).
313 The coherence slice at the top of Middle Miocene shows more direct and 
314 consistent relationships between linear faults with the pockmarks. Where the 
315 pockmarks are developed on the seafloor, seismic data shows related linear faults 
316 have developed underneath the pockmarks. In the central platform and the toe of slope, 
317 the density of faults is reduced, although the faults are still as arranged in typical 
318 polygonal planform geometry (Figure 10c). Besides the density of faults, the 
319 pockmarks are also absent where the polygonal faults developed.
320 Other pockmarks are rooted on just above the volcanoes, which are characterized 
321 by their hump or moundy shape, as well as sharp and high amplitude reflections 
322 boundaries between surrounding strata (Figure 8, 9). The inner architecture of 
323 volcanoes is characterized by chaotic, low frequent and with medium amplitude 
324 reflectors. The volcanoes strongly re-construct the surrounding strata, making the 
325 strata deformed. The volcanoes are widely recognized by seismic data in south part of 
326 the study area. They are characterized by low coherence value anomalies with circular 
































































327 or stripped shape in plan-view (Figure 10a, b). The diameter of top volcanoes could 
328 reach to more than 1 km, and their root could be tracked to very deep intervals.
329
330 Figure 10 Seismic coherence slice of top Middle Miocene (T40), which shows the 
331 distribution of fault system and volcanoes. a) Pockmarks superimposed on 
332 coherence slices at the top of Middle Miocene, as the plan-view of FS-1. Oriented 
333 linear faults have developed around margin of platform, especially in the 
334 western and eastern regions, while typical polygonal faults have developed in the 
































































335 central region and along the south edge. Pockmarks are developed where linear 
336 faults have a high density, especially where NW-SE striking linear faults are 
337 most abundant; b) Zoom-in coherence slice of typical volcanoes in southwestern 
338 margin of study area, which show round or stripped-shape of low coherence 
339 value; c) Zoom-in image of typical polygonal faults in toe of slope, which show 




344 Although pockmarks express similar features on the seafloor, different types of 
345 pockmark have experienced a different evolution. According to the relationship 
346 between pockmarks and volcanoes or linear faults, the pockmarks have been 
347 classified to two major types; i) linear fault–associated pockmarks, and ii) 
348 volcano–associated pockmarks. In general, the linear fault-associated pockmarks have 
349 a lower shape factor value, in particular PM15 and PM16. The volcano-associated 
350 pockmarks have a higher shape factor value, e.g., PM4, PM6, PM7, PM26, and PM27 
351 (Figure 3, 5). 
352 Linear fault-associated pockmarks
353 Most depressions on the seafloor are rooted on the top of Middle Miocene, and 
354 show close relationship with linear faults, e.g., D1, D2, D3, D8, and D10–D25, which 
355 are classified as pockmarks associated with linear faults. They tend to exhibit 
































































356 elongated feature, such as crescent-like, elliptical, and irregular shapes in plan-view, 
357 with the long axis in NW-SE direction (Figure 3). They are mainly distributed around 
358 the margin of platform, especially in the eastern and northwestern parts of study area 
359 (Figure 10a). The occurrence and elongated axis of pockmarks has a high coincidence 
360 with dense linear fault distribution, along NW-SE direction (Figure 10). This 
361 NW–SE-oriented character was more emphasized along the western and eastern part 
362 of study area, and along the edge of the platform in the middle of study area, where 
363 the density of pockmarks is larger. Meanwhile, pockmarks are absent in the central 
364 platform and the basin floor, even in the area where the typical polygonal faults 
365 develop (Figure 3, 10). These linear faults acted as essential conduits for fluid escape 
366 (Pilcher and Argent, 2007), rather than polygonal faults. Therefore, the set of NW–SE 
367 faults in Middle Miocene can be classified as the conduits group. 
































































369 Figure 11 Maps of pockmarks on the seafloor and the related coherence slices of 
370 top Middle Miocene. The linear faults have consistently strike of NW–SE. The 
371 distribution and direction of pockmarks have great coincidence with the linear 
372 fault, except PM 26 and 27. The long axes of elliptical pockmarks are similarly 
373 oriented in a NW-SE direction. See Figure 7 for map locations.
374 Volcano-associated pockmarks
375 Besides linear faults-associated pockmarks, other pockmarks are rooted at the 
376 top of volcanoes (Figure 3, 8, 10), e.g., PM4, PM5, PM6, PM7, PM9, PM26, and 
































































377 PM27, which are classified as volcano-associated pockmarks. Volcanoes were 
378 revealed to lie beneath these pockmarks in the seismic sections (Figure 8, 12). The 
379 pockmarks were densely developed in the southwestern part of the study area (Figure 
380 3a, 10), having a larger scale and more circular shaped than pockmarks on the 
381 seafloor (Figure 3, 5). 
382 The sediment sequences inside pockmarks are comparable with the surrounding 
383 strata (Figure 12, 13, 14), indicting the same sedimentary history. While on the other 
384 hand, the volcanoes should be active until very late time, even until recent (Lu et al., 
385 2011; 2014). The volcanoes distribute along NE-SW direction, such as PM4, PM5, 
386 PM6, PM7, and PM9 in the south margin of 3D survey, and PM26 and PM27 in the 
387 middle-west part of study area (Figure 3, 10). For example, the volcanoes underneath 
388 PM26 and PM27 exhibit volcanic bend feature, distributed with NE-SW strike (Figure 
389 10b, 11). The distribution pattern of volcanoes implies the volcanoes which are 
390 prolonged volcanoes in northern margin of SCS (Zhao et al., 2016, 2020), are aligned 
391 in NE-SW direction.
392 The volcano-associated pockmarks were very limited developed in the southern 
393 part of the study area (Figure 3a, 10). Most of the pockmarks above the volcanoes are 
394 randomly distributed, and have a larger scale and more circular shape than linear 
395 faults-associated ones on the seafloor (Figure 3). The scale of the volcano-associated 
396 pockmarks shows coincidence with the scale of the volcanoes underneath them, while 
397 the larger pockmarks relate to larger volcanoes (Figure 12). The seismic sections also 
































































398 reveal several volcano-associated pockmarks with smaller scales on the seafloor, as 
399 well as gentler deformation in subsurface, such as PM26 (Figure 3, 12) and PM27 
400 (Figure 3, 13). 
401
402 Figure 12 Seismic sections across diapir-associated pockmarks with 
403 interpretation, and associated plan views constructed from coherence slices. a) 
404 Plan view of the top of MFS-3.0; b) Plan view of the top of PFS-1; c) Seismic 
































































405 section through PM4 and PM26; d) Interpreted seismic section through PM4and 
406 PM26. And the green horizon represents the top of PFS-1, while the blue horizon 
407 represents the top of PFS-2. See Figure 3 for map locations.
408 Initiation and evolution of mega-pockmarks
409 Analysis of the formation and evolution phases of pockmarks has been reported 
410 previously (Sun et al., 2011a; Chen et al., 2015; Lu et al., 2017; Wenau et al., 2017; 
411 Hovland, 1991; Hovland et al., 2002). However, direct observation of the stages of 
412 pockmarks evolution is still lacking. In the study area, different phases of pockmark 
413 development are revealed in the high resolution 3D seismic data, which have been 
414 termed the early, mature, and abandonment stages.
415 Initiation stage
416 The initial stage of pockmark formation is expressed by gentle deformation of 
417 the seafloor, such as that associated with PM26 (Figure 12) and PM27 (Figure 13). 
418 The depth of crater of PM26 is about 75 m, while PM27 is 25 m, which is much 
419 smaller than others in the study area. Both PM26 and PM27 appear as low relief 
420 depressions on the seafloor, with elliptical outlines. A volcano can be identified 
421 beneath PM27 (Figure 13), indicated by a mound with a conical shape. Several 
422 fault-like features have developed above the top of the volcano, exhibiting funnel 
423 shape, which is Initiation stage of volcano-associated pockmark. 
424 The seismic horizon T20 divides these funnel shape structure, as early stage 
425 pockmark, into two parts (Figure 13). Within the lower part, the fault-like features are 
































































426 denser than the upper group, while they are characterized by dip dim reflections. This 
427 funnel shape early stage pockmark is capped by HARs, where fault-like features 
428 terminate. These HARs are interpreted into shallow gas or fluid accumulation, while 
429 these dip fault-like features are fluid conduits for fluid migration (Figure 13). The 
430 upper part of this pockmark also develops HARs, indicating fluid accumulation as 
431 well. However, the upper part of this pockmark exhibits much clearer features, 
432 lacking chaotic reflectors, as well as lacking fluid conduits. The observation of two 
433 parts of PM27 implies that most of the fluid did not migrate to the seafloor, but 
434 mainly remained trapped in the lower section, while some portions seeps into the 
435 upper part. This also resulted in the gentle deformation in the upper part, and 
436 negligible deformation on the seafloor. Therefore, the processes could not create 
437 noticeable depression on the seafloor, differential with the seafloor where the 
438 pockmarks develop. PM27 is regarded as initiation stage pockmark, since its lack of 
439 fluid seepage and gentle deformation for the sediment intervals.

































































441 Figure 13 a) Seismic section across early phase pockmark 27; b) The same 
442 seismic section with interpretation. The green horizon represents the top of 
443 polygonal fault system 1 (PFS-1), while the blue horizon represents the top of 
444 polygonal fault system 2 (PFS-2). See Figure 3 for location.
445 Mature stage
446 Most pockmarks in the study area are currently in the mature phase, generally 
447 rooted on linear faults or on top of volcanoes, exhibiting strong deformation and 
448 slumping. As shown in Figure 14, the fault systems below these mature pockmarks 
































































449 are much more complex than pockmarks in the initiation stage. The deformation and 
450 sliding features are common inside pockmarks, which are characterized by chaotic 
451 reflectors, especially in the lower part or root of pockmarks. 
452 As shown in Figure 12, the boundary of PM8, as sliding plane, is characterized 
453 by continuous and high amplitude reflection. Some HARs are recognized close to 
454 boundary of PM8, even on the seafloor, indicating gas or fluid accumulation. These 
455 fluid seepage and accumulation features indicate sliding plane act as major fluid 
456 conduits. A vertical pipe-like dim reflector could be identified inside PM8, from 
457 middle part onto seafloor. This pipe is also regarded as minor conduit for the fluid 
458 seepage, causing gentle depression on the seafloor. There are probably two conduits 
459 for fluid migration; one in the central area of the pockmark, while another at the 
460 boundary of the pockmark, especially in the basinward direction. Accordingly, more 
461 than one crater can develop in mature pockmarks, in both the central and marginal 
462 areas. Figure 14 shows the shallow subsurface interval of the central area has been 
463 strongly deformed, which is consistent with crater formation on the seafloor.
464 Some pockmarks, such as PM8, show migration features in seismic sections; 
465 these pockmarks are similar to pockmarks observed in the Western Mediterranean, 
466 and could be interpreted to form as the result of fluid activity (Riboulot et al., 2014). 
467 As presented in Figure 3 and 14, PM8 is located in a slope environment, with a 
468 ring-shaped crater in the downslope direction. PM8 generally dips towards the 
469 downslope direction, with its root oriented in the upslope direction. A basinward slide 
































































470 plane was identified in the seismic section, dipping to SE direction. The slide plane 
471 acts as the boundary of PM8, with seismic reflectors terminating in this plane. Several 
472 paleo-slide planes could be identified by their chaotic reflectors, which reflect 
473 slumping, sliding, or deformation processes. The architecture of PM8 is characterized 
474 by different funnel-like features, which are filled with parallel reflectors, and 
475 interbedded with chaotic and deformation reflectors. A vertical but minor conduit 
476 could be identified in the centre of PM8, associated with a low relief depression on 
477 the seafloor.

































































479 Figure 14 a) Seismic section across PM8, a mature phase pockmark which 
480 exhibits a complicated inner architecture. b) The same seismic section with 
481 interpretation. The different stages e.g. Stage-1 and Stage 2 were picked in 
482 seismic section, and tracked into horizons. The boundary of the pockmark was 
483 confined by the slide plane, which also acted as fluid migration path, or fluid 
































































484 conduit. Note that sediment layer thicknesses inside the pockmark are slightly 
485 thicker than outside the pockmark, as marked by double-headed arrows. See 
486 Figure 3 for location.
487 The craters of paleo-pockmarks showed noticeable basinward offset compared to 
488 present-day seafloor pockmarks in variance attribute maps (Figure 3, 10), indicating 
489 the craters of PM8 migrate from platform margin to slope direction. The sediment 
490 accumulated in the central region of PM8 is much thicker compared with that at 
491 marginal areas and the surrounding strata (Figure 14), which indicate syn-deformation 
492 or syn-slumping sediment processes during the genesis of pockmark (Anderson et al., 
493 2008; Hovland et al., 2002). 
494 During the migration period during mature phase, the contour current may 
495 rework the architecture of pockmarks, especially for the crescent-like, elliptical, and 
496 irregular shape pockmarks (Su et al., 2011a; Anderson et al., 2008). The distribution 
497 of these pockmarks exhibits platform margin dominancy, where the bottom currents 
498 might be violent. 
499 Abandonment stage
500 The abandonment, or burial, stage of pockmarks initiated after they ceased 
501 development, indicating the cessation of fluid migration caused by tectonic 
502 movements or sediment processes. Younger sediment, which is characterized by 
503 parallel seismic reflectors, filled pockmark depressions (Figure 15). Some pockmarks 
504 appear to have resumed activity, e.g., PM8, inheriting the previous structure (Figure 
































































505 14). Others appear to have become dormant and been buried by thick younger 
506 sediments, so no longer appear as significant features on the seafloor (Figure 15).  
507
508 Figure 15 a) Seismic section across a buried paleo-pockmark. b) The same 
509 seismic section with interpretation. This pockmark developed in PFS-2, and has 
510 a typical funnel outline. There is no significant deformation in the shallow 
511 interval, and no significant depression on the seafloor. The inner filling sediment 
































































512 was characterized by deformation of soft, fine-grained sediment, as captured by 
513 chaotic seismic reflectors. See Figure 3 for location.
514 Paleo-pockmarks exhibit no close relationship with present seafloor pockmarks. 
515 Funnel features of paleo-pockmark could easily be identified, which represent the 
516 main body of the paleo-pockmarks. The distinct boundaries between paleo-pockmarks 
517 and surrounding strata imply different depositional regimes. The lower part of 
518 pockmark exhibits lower frequency and amplitude reflection, with some fault-like 
519 features indicating sliding or slumping structure. The upper part of paleo-pockmark 
520 displays more gentle deformation than the lower part. The continuous HARs were 
521 interrupted at the top of the paleo-pockmarks, which are just close to the margin of 
522 pockmark. Meanwhile, the amplitude of HARs decreases far away pockmark. 
523 Another conduit and associated crater are identified in the main body of 
524 paleo-pockmark, with a series of HARs along the conduit as well as the top of 
525 pockmark. However, all the HARs terminate at T20, which represent the termination 
526 of Neogene. Above the T20, the intervals become horizontal, indicating cessation of 
527 fluid seepage. Therefore, the abandoned pockmark stopped developing at T20, then 
528 abandoned and buried by younger sediments.
529 Controlling factors on the mega-pockmark formation
530 Volcanisms
531 The close spatial relationship between volcanoes and volcano-associated 
532 pockmarks indicates that the volcanoes themselves provide a fluid source for the 
































































533 genesis of the pockmarks. The genesis of pockmarks related to diapirs are revealed 
534 and discussed in several other regions globally (Hovland and Judd, 1988; Hovland, 
535 1991, 1992; Dimitrov and Woodside, 2003; Pilcher and Argent, 2007). The roots of 
536 the observed diapirs in previous study could reach down to the deep interval which 
537 provides fluid source. Therefore, the geo-fluids could migrate along diapirs, providing 
538 fluid source for formation of pockmarks in fine-grained soft sediment intervals above 
539 Middle Miocene (Hovland and Judd, 1988; Hovland, 1991, 1992; Dimitrov and 
540 Woodside, 2003; Pilcher and Argent, 2007). 
541 However, the genesis and evolution of pockmarks related to volcanoes have not 
542 widely discussed yet. Previous study confirmed that the genesis and distribution of 
543 diatremes is controlled by the activities of volcanoes in offshore areas (Suiting and 
544 Schmincke, 2009, 2010, 2012; Go et al., 2017). The volcanic activities could deform 
545 the sediment intervals by both “hard intrusion” (Lu et al., 2011; Zhao et al., 2016; 
546 2020) and “soft deformation”. The genesis of volcano-associated pockmarks in study 
547 area is closely related to “soft deformation”, which is dominated by fluid activities. 
548 The craters of most volcanoes are buried in subsurface, rather than reach to the 
549 seafloor. However, the fluid conduits, such as forced faults, could be identified in 
550 seismic section, which root on the crater of volcanoes. That implies the fluid from 
551 phreatomagmatic eruptions, such as gas and volcanic hydrothermal solutions, 
552 escaping from the volcanoes, seeping to seafloor. These fluids are essential for the 
553 genesis of pockmarks, as other pockmarks identified all around the world (Sun et al., 
































































554 2011a; Cartwright, 2011; Chen et al., 2015). The sediment sequences inside 
555 volcano-associated pockmarks are comparable with the surrounding strata (Figure 14, 
556 15), indicating the genesis of volcano-associated pockmarks lasts to very young age; 
557 that implies the volcanic activities could be very young. 
558 Besides of central crater of volcano-associated pockmarks, secondary craters also 
559 develop on the seafloor (Figure 14). The secondary craters, exhibit ring-shape and 
560 distribute around the margin of volcano-associated pockmarks. The distribution of 
561 secondary craters implies that marginal sliding planes are also fluid conduits for the 
562 seepage of volcanic fluids. Meanwhile, the secondary craters imply the study area 
563 experiences multi-episode volcanic explosion events, which also create significant 
564 mega-pockmarks on the seafloor.
565 The fluids for the genesis of volcano-associated pockmarks escape from 
566 volcanoes, like a “point-source”. The volcanoes releases gas and hydrothermal 
567 solutions from a constant point-like area, the fluid trends to escape in a limited area. 
568 Therefore, volcano-associated pockmarks are primarily circular and semi-circular 
569 shape, and exhibit great scale depression features on the seafloor (Figure 3, 5, 12). 
570 Linear faults
571 The linear faults-associated pockmarks rooted on the top of Middle Miocene, 
572 where the NW-SE oriented linear faults densely develop. The Middle Miocene is 
573 significant carbonate reservoirs of petroleum system in study area (Lu et al., 2017; 
574 2011). The coincidence between linear faults-associated pockmarks and linear faults 
































































575 underneath them indicates these linear faults acted as essential conduits for fluid 
576 escape (Pilcher and Argent, 2007). The development of NW-SE fault system controls 
577 the distribution of linear faults-associated pockmarks. The NW-SE fault system 
578 breaks the preservation condition of the fluid reservoirs in Middle Miocene, and 
579 provides migration path for the fluids. The fluid expulsion could occur when the 
580 balance between pore pressure and hydrostatic pressure is broken by tectonic or 
581 sedimentary events, such as sea level fall (Lafuerza et al., 2009; Plaza-Faverola et al., 
582 2011; Nakajima et al., 2014). The frequent sea level changes during Neogene in 
583 adjacent area have been documented by the well studies, such as wells XK-1, XY-1 
584 and CK-1 (Xie et al., 2006; Wu et al., 2016). The escaped fluid will seep to the 
585 seafloor through and along the linear faults, which caused the NW-SE direction 
586 elongating feature of linear faults-associated pockmarks (Figure 3, 10). The fluids for 
587 the genesis of pockmarks in study area mainly escape from linear faults, like a linear 
588 source. Comparing with the circular volcano-associated pockmarks, the differential 
589 fluid escaping pattern of linear faults-associated pockmarks creates diverse depression 
590 features on the seafloor.
591 The linear faults create central craters of the pockmarks, which subsequently lead 
592 to the slumps and slides in the margins of pockmarks (Figure 14, 16). The slumping 
593 and sliding events create slide planes which acted as secondary conduits at the 
594 margins of pockmarks, which form secondary craters inside the pockmarks (Figure 14, 
595 16). 
































































596 The difference in sediment thickness between pockmarks and surrounding strata 
597 is subtle, allowing seismic reflectors with the pockmarks and the surrounding strata to 
598 be compared (Figure 12-15). Such comparison indicates that slumping and sliding 
599 comprise the major formation events (Hovland, 1982; Anderson, 2008). The fact that 
600 only minor differences are observed in the thickness of layers within pockmarks and 
601 the surrounding strata implies that the pockmarks accepts same sediment with the 
602 surrounding strata during their formation. The similar sediment between inside and 
603 outside of pockmarks also imply the linear faults are still active as the fluid seeps 
604 through them until present. 
605 The slumping events inside pockmarks provide more space for sediment 
606 accumulation, as well as driving the sediment deformed. The several sediment 
607 sequences indicate the filling inside pockmarks experience several syn-slumping 
608 sediment periods. 
609 Fluid source
610 The formation of pockmarks on the seafloor was generally controlled by two 
611 primary factors: the source of fluid, and the soft fine grained pelagic sediments that 
612 comprise the shallow intervals. The liquid fluid for genesis of pockmarks has been 
613 suggested to be water (Harrington, 1985), and the primary gas fluid suggested to be 
614 both biogenic gas and thermogenic gas (Davies et al, 1999; Owen, 2003; Rogers et al., 
615 2006; Hartwig et al., 2012). Meanwhile, Gas hydrates have also been shown to play a 
616 significant role in the formation of pockmarks (Plaza-Faverola et al., 2011; Sun et al., 
































































617 2012; Lu et al., 2017). The internal architecture of pockmarks and paleo-pockmarks 
618 indicate that all pockmarks have experienced long-term evolution. Long-term, 
619 multi-episode fluid expulsion events have resulted in complex morphologies, as well 
620 as the great scale of mega-pockmarks.
621  The fluid source for the genesis of volcano-associated and linear 
622 faults-associated pockmarks have different origins. For the linear faults-associated 
623 pockmarks, the linear faults act as fluid conduits for the migration of fluid source 
624 from deep intervals or surrounding intervals. In the study area, all pockmarks are 
625 located above top Middle Miocene, and most of them are associated with NW-SE 
626 linear faults (Figure 10, 16). This implies that the thermogenic gas and fluid sources at 
627 deeper intervals dominantly contribute to the formation of pockmarks. 
628 Oligocene and Eocene source rocks are major source rocks for thermogenic gas 
629 in northwestern SCS, while Middle Miocene is significant carbonate reservoirs (Lu et 
630 al., 2011; 2017). The thermogenic gas could migrate from source kitchen into 
631 hydrocarbon reservoirs in shallower intervals through faults or other conduits (Lu et 
632 al., 2011; 2017). Besides thermogenic gas, the biogenic gas generated in shallow 
633 intervals also provide fluid source for genesis of pockmarks. The organic rich 
634 fine-grained muddy and silty sediments provided source rock for biogenic methane 
635 (Rice and Claypool, 1981; Hovland et al., 1993). The gas seeps in the northern slope 
636 of the SCS, Haima cold seeps adjacent study area, revealed a mixed gas source of 
637 biogenic and thermogenic gas, that could account for the formation of pockmarks 
































































638 (Huang et al. 2003; Chen et al., 2006; Zhu et al. 2009; Tong et al., 2013; Liang et al., 
639 2017; Niu et al., 2017; Gong et al., 2018). Meanwhile, gas hydrates, formed either 
640 from thermogenic gas in deeper intervals or biogenic gas in shallow intervals, may 
641 also played a secondary role in the formation of pockmarks (Buffett, 2000; Boswell et 
642 al., 2012b; Boswell et al., 2016; Lu et al., 2017).
643 For the volcano-associated pockmarks, the fluid source for their development is 
644 more likely from the volcanic activities, such as gas and volcanic hydrothermal 
645 solutions, escaping from the phreatomagmatic eruptions (Figure 16).
646
647 Figure 16 Schematic geological model showing the genesis of pockmarks of 
648 different styles. The different styles and shapes of pockmarks were derived from 
649 seismic sections. PPM: paleo-pockmark.
650 Conclusions
651 Mega-pockmarks and other fluid activity-related structures are identified and 
652 interpreted using high resolution 3D seismic images. The unique features of the 
































































653 mega-pockmarks are observed on the seafloor, and the internal architectures in the 
654 shallow subsurface are imaged by 3D seismic data. The initiation and evolution of 
655 mega-pockmarks recorded long-term and multi-episode fluid activity in the study area. 
656 The scale of mega-pockmarks indicates the complicated tectonic and sedimentary 
657 activities in northwest margin of SCS.
658 1. The pockmarks can be classified into two different categories, which are linear 
659 fault-associated pockmarks, and volcano-associated pockmarks. The polygonal 
660 fault-associated pockmarks exhibit elongating shape, and distribute abundantly in the 
661 east and west regions of the study area. The volcano-associated pockmarks are 
662 commonly circular shape, and develop in the southwest part of study area.
663 2. Initiation, mature and abandonment stages of pockmarks could be identified in 
664 seismic sections. The pockmarks in mature stage generally develop more than one 
665 crater. Long time and multi-episode fluid seepages lead to the great scale and 
666 complicated architecture of pockmarks.
667 3. The roots of linear faults-associated pockmarks generally reached the top of 
668 Middle Miocene, which is reservoir of petroleum system. The linear faults play 
669 significant roles in the migration of gas and fluids, and the genesis of pockmarks. The 
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